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ABSTRACT 

At different design stages of underground excavations, cored samples are taken and 

tested to obtain geotechnical design parameters. When samples are retrieved from high-

stress environments, damage in the form of micro-cracks may result in incorrect 

estimates of these parameters. This research investigates the impact of coring and 

overcoring on damage formation and the subsequent implications for geotechnical design 

parameters, using the well-documented case of the Underground Research Laboratory 

(URL) in Canada. It involves the generation of two-dimensional (2D) models: a) 

continuum-based heterogeneous (four mineral types) and homogeneous (one mineral) 

models; and b) hybrid continuum-discontinuum models consisting of triangular and 

Voronoi grains. The 2D models are calibrated against the laboratory properties of Lac du 

Bonnet (LdB) granite and subjected to an unloading (coring) stress path obtained from a 

3D continuum model. The simulation results using continuum models highlight the 

importance of grain-scale property heterogeneity in the formation of unloading-induced 

damage. The simulated grain and grain boundary damage in the heterogeneous model 

ǊŜǎǳƭǘ ƛƴ ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ ¦ƴŎƻƴŦƛƴŜŘ /ƻƳǇǊŜǎǎƛǾŜ {ǘǊŜƴƎǘƘ ό¦/{ύ ōȅ 

up to 29% and 22%, respectively. Using the hybrid method, it is demonstrated how grain-

scale heterogeneities promote tensile stresses, leading to micro-crack initiation and 

opening, and subsequent nonlinearity in the stress-strain curve due to crack closure. In 

the next step, core drilling and overcoring are explicitly simulated using three-

dimensional (3D) continuum and discontinuum models for various in situ stress 

magnitudes and borehole orientations at the URL. The tensile strength and crack initiation 

stress level of intact LdB granite are used to assess the potential for damage in the 3D 

continuum models. This, combined with the number of micro-cracks from the 3D 

discontinuum models, demonstrate an increase in potential for core and overcore 

damage with increasing depth, with fewer micro-cracks observed in samples drilled 

parallel to the major principal stress. 
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1 CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Underground openings are created by the mining, civil, petroleum, and nuclear industries 

for various purposes. The excavation of an underground opening changes the stress state 

surrounding the excavation boundary, which may result in damage to the rock mass. The 

major factors influencing the extent of damage and, as a result, the excavation instability 

are the rock mass strength and far-field stresses (Read et al., 1998; Read et al., 2004). 

Therefore, it is necessary to estimate the rock mass strength and far-field state of stress 

as accurately as possible for a reliable design of underground excavations. The estimation 

of these parameters becomes even more important when designing a Deep Geological 

Repository (DGR). DGRs are underground openings (rooms, boreholes and tunnels) 

excavated several hundred meters below the ground surface. They are used to store and 

isolate the nuclear waste containing radioactive material that takes years to decompose 

to a safe level of radiation (Martin et al., 1997; Read et al., 1998; Read et al., 2004). In a 

DGR, it is critical to minimize any damage that may form around the excavation since it 

can create a pathway from the sealed nuclear waste to the surface (Martin et al., 1997). 

At different design stages of underground excavations, boreholes are drilled, and core 

samples are taken to obtain the required geotechnical design parameters (e.g., 

deformation and strength properties of the intact rock as well as the in situ state of 

stress). Martin and Stimpson (1994), Eberhardt et al. (1999), Lim et al. (2012) and Bahrani 

et al. (2015) discussed that the process of drilling a core from a stressed medium may 

induce micro-cracks to the cores. In severe cases, these micro-cracks may result in visible 

fractures which are often perpendicular to the core axis. This phenomenon is referred to 

as core disking in the literature (Martin and Stimpson, 1994; Lim and Martin, 2010). Figure 
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1-1a schematically shows the increase in the density of drilling-induced micro-cracks as 

the sampling depth increases. An example of drilling-induced fractures in a core taken 

from the 420 m Level of the Underground Research Laboratory (URL) is illustrated in 

Figure 1b. The drilling-induced micro-ŎǊŀŎƪǎ Ƴŀȅ ŘŜŎǊŜŀǎŜ ǘƘŜ ǎǘǊŜƴƎǘƘ ŀƴŘ ¸ƻǳƴƎΩǎ 

modulus ŀƴŘ ƛƴŎǊŜŀǎŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ό─) of cored samples compared to those of in situ 

rock (Martin and Stimpson, 1994). Figure 1-1b presents a comparison between the stress-

strain curves of the undamaged and damaged Lac du Bonnet (LdB) granite specimens. The 

observed nonlinearity in the stress-strain curve of the damaged LdB granite is attributed 

to the closure of drilling-induced micro-cracks (Lim et al., 2012). As evident in Figure 1-1c, 

the drilling-induced micro-cracks reduced the Unconfined Compressive Strength (UCS) 

ŀƴŘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ό9ύ ŦǊƻƳ ннп atŀ ŀƴŘ тлΦн Dtŀ ǘƻ мро atŀ ŀƴŘ роΦс DtŀΣ 

respectively. 
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Figure 1-1 a) Stress-induced damage versus sampling depth (Lim et al., 2012); b) core disking 
fractures in a sample taken from 420 m Level of URL (Lim and Martin, 2010); and c) stress-
strain curves of undamaged and damaged LdB granite (courtesy of Derek Martin and Erik 

Eberhardt). 

The cores drilled during the overcoring process for in situ stress measurement may also 

get damaged (Martin and Christiansson, 1991). The overcored samples are tested 

following overcore recovery in the field and later in the laboratory to obtain the elastic 

properties of intact rock (i.e., E and ─). The damage to the overcore may result in 

ǳƴŘŜǊŜǎǘƛƳŀǘƛƴƎ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ ƻǾŜǊŜǎǘƛƳŀǘƛƴƎ ǘƘŜ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻΦ ¢ƘŜ 
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incorrect estimation of these parameters may then result in an inaccurate estimation of 

the in situ stress magnitudes leading to costly errors in the design of underground 

openings. 

Hence, there is a need for research to better understand the factors that lead to 

core/overcore damage, estimate the level of core/overcore damage as a function of 

depth and borehole orientation, and assess their impact on the laboratory properties and 

behavior of intact rocks. To this end, various numerical modelling approaches have been 

used in this research, based on available field and laboratory test data form the well-

documented case of the URL in Manitoba, Canada. 

1.2 Literature Review 

Drilling-ƛƴŘǳŎŜŘ ŎƻǊŜ ŘŀƳŀƎŜ Ƙŀǎ ōŜŜƴ ǘƘŜ ǎǳōƧŜŎǘ ƻŦ Ƴŀƴȅ ǎǘǳŘƛŜǎ ǎƛƴŎŜ ǘƘŜ мфслΩǎΦ 

Many researchers have used field observations, laboratory experiments and numerical 

modeling to better understand core damage during the drilling process and its impact on 

the laboratory properties of intact rocks. In this section, first, a brief review of the field 

evidence of drilling-induced core damage is given, followed by the major research work 

based on laboratory experiments and numerical modeling of coring processes. It should 

be noted that this thesis is paper-based and comprised of three journal articles, each 

presented as a chapter (i.e., Chapters 2-4). Each chapter contains some form of literature 

review on this topic. The literature review presented in this section complements the 

background materials in the following chapters. 

1.2.1 Evidence of core damage 

Atomic Energy of Canada Limited (AECL) conducted many in situ experiments at their URL, 

located about 120 kilometers northeast of Winnipeg, Manitoba, Canada to better 
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understand the rock mass response to the excavation of underground openings in DGRs 

(Martin et al., 1997; Read et al., 1998; Read et al., 2004). The URL was constructed in 

massive, unfractured LdB granite (Martin et al., 1997; Read et al., 1998; Read et al., 2004). 

Martin and Stimpson (1994) collected core samples at various depths, ranging from near-

surface to as deep as 1000 m below the surface. The results of laboratory tests indicated 

ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ǘƘŜ ¦ƴŎƻƴŦƛƴŜŘ /ƻƳǇǊŜǎǎƛǾŜ {ǘǊŜƴƎǘƘ ό¦/{ύ ŀƴŘ ¸ƻǳƴƎΩǎ modulus (E) and 

ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ tŀǎǎƛƻƴΩǎ Ǌŀǘƛƻ ό─) with increasing sampling depth (Figure 1-2). This 

implies that either the in-situ rock was changing with depth or sample disturbance was 

affecting the laboratory properties of the cores. Figure 1-2a compares the in situ and 

laboratory P-wave velocities as a function of depth. As can be seen in this figure, the in 

situ P-wave velocity is relatively constant with depth while the P-wave velocity measured 

in the laboratory decreases with increasing sampling depth. Therefore, it was concluded 

that sample disturbance affected the laboratory properties of the rock (Martin and 

Stimpson, 1994). 

 
Figure 1-2 Properties of LdB granite with increasing sampling depth at the URL: a) UCS and P-
ǿŀǾŜ ǾŜƭƻŎƛǘȅΤ ŀƴŘ ōύ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ όŀŦǘŜǊ aŀǊǘƛƴ ŀƴŘ {ǘƛƳǇǎƻƴΣ мффпύΦ 

a) b)
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Martin and Stimpson (1994) further discussed that core damage was observed when the 

maximum far-field stress exceeded 10% of the intact rock UCS. Additionally, while sample 

disturbance affected the cohesive strength, it did not significantly affect the frictional 

strength properties (Figure 1-3). Figure 1-3 illustrates the Hoek-Brown failure envelopes 

fitted to the laboratory tests conducted on the LdB granite samples extracted from three 

stress domains at the URL. Notably, the impact of cohesion loss manifested in the 

reduction of the unconfined compressive strengths in the samples from stress domains II 

and III. However, the strength envelopes have maintained a relatively consistent slope for 

samples from all three stress domains (Martin and Stimpson, 1994).  

 
Figure 1-3 Hock-Brown failure envelopes for LdB samples taken from three stress domains at 
the URL. Note the cohesion loss for samples of stress domains II and III (Martin and Stimpson, 

1994).  

Eberhardt et al. (1999) also confirmed the presence of drilling-induced damage in the LdB 

granite cored samples through Scanning Electron Microscope (SEM). They performed 

SEM analysis on two prepared thin sections of cores taken from 130 m, 240 m, and 420 

m Levels of the URL. Their analysis showed that the density of micro-cracks increases 

significantly as the sampling depth increases. Furthermore, as opposed to the 130 m Level 
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and 240 m Level thin sections, the micro-cracks in the samples taken from the 420 m Level 

of the URL were visible to the naked eye. The number of micro-cracks in the 420 m Level 

thin sections was higher by three orders of magnitude than those of the 130 m and 240 

m Levels. Eberhardt et al. (1999) also found that the shallower cores contained fewer but 

long cracks (mostly inter-granular cracks). In contrast, cores obtained from the 420 m 

Level contained more scattered micro-cracks (mostly intra-granular and transgranular) 

orientated at a variety of angles. Figure 1-4 shows two highly fractured quartz grains in 

the LdB granite taken from the 420 m Level of the URL. 

 
Figure 1-4 SEM images of 420 Level LdB granite cores showing two highly fractured quartz 

grains (Eberhardt et al., 1999). 

Eberhardt et al. (1999) showed that although sample disturbance did not have a 

significant impact on the crack initiation stress level (c̀i) of LdB granite, it significantly 

increased the crack closure stress level (c̀c) and decreased the crack-damage stress level 

όc̀d). Table 1-1 compares the laboratory properties (i.e., c̀c, ̀ ci, ̀ cd, UCS, E, and ̀t) of the 

cores taken from different stress domains at the URL. Through acoustic velocity 

measurements, Eberhardt et al. (1999) also found that the P-wave and S-wave velocities 

in the 420 m Level core samples were approximately 30% of those of the 130 m Level 

samples.  

a) b)
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Table 1-1 Laboratory properties of the cores taken from different stress domains at the URL. 

 130 m level 240 m level 420 m level Reference 

No. of samples tested 20 5 5 

Eberhardt et 
al. (1999) 

/ǊŀŎƪ ŎƭƻǎǳǊŜ ˋcc (MPa) 47.3 (±2.7) 55.6 (±1.5) 74.8 (±1.0) 
/ǊŀŎƪ ƛƴƛǘƛŀǘƛƻƴ ˋci 
(MPa) 

81.5 (±3.7) 79.6 (±2.3) 76.4 (±3.7) 

/ǊŀŎƪ ŘŀƳŀƎŜ ˋcd 
(MPa) 

156.0 (±13.2) 147.4 (±9.1) 100.4 (±12.2) 

UCS (MPa) 200 (± 22) - 157.1 (±17.7) 
Martin 
(1993) 

E (GPa) 69 (± 5.8) - 51.9 (± 1.6) 

t̀ (MPa) 6.9 (± 1.1) - 1.5 

 

Lim and Martin (2010) examined disking fractures in the LdB granite cores taken from the 

420 m level of the URL to develop relationships between the core disk thickness and the 

magnitude of the far-fields principal stresses. They showed that core disking initiates 

when the ratio of the maximum far-field principal ǎǘǊŜǎǎ όˋ1) to the tensile strength of the 

undamaged LdB granite exceeds 6.5. Additionally, the cores taken from closer to the collar 

of the boreholes (close to the excavation boundary) contained fractures that formed 

across the core generating several millimeter-thin disks (Figure 1-5). However, the cores 

taken from towards the end of the boreholes (far from the excavation boundary) 

developed fractures that were clearly visible but did not propagate across the core to 

separate the core into disks. This type of core disking is referred to as partial disking.  
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Figure 1-5 Core disking in 45 mm diameter LdB granite cores taken from a 2.54 m borehole at 

420 Level of URL (Lim and Martin, 2010). 

Figure 1-1b presents a digital image of a partially disked core that is cut parallel to the 

core axis. As can be seen in this image, some fractures were initiated at the outer surface 

of the core and propagated toward the interior, whereas some others initiated at the 

outer surface without propagating all the way ǘƻǿŀǊŘ ǘƘŜ ŎƻǊŜΩǎ interior. Moreover, it is 

noticeable that the fracture surfaces are flat and perpendicular to the core axis, parallel 

ǘƻ ǘƘŜ ƳŀƧƻǊ ǇǊƛƴŎƛǇŀƭ ǎǘǊŜǎǎ όˋ1) direction. 

Lim et al. (2012) examined the digital images of nine granitic cores at the URL, Canada 

and Forsmark, Sweden. Their results indicated that natural micro-cracks (i.e., grain 

boundary cracks) were dominant in the cores taken from depths less than 200 m. The 

volume of the stress-induced micro-cracks (intragranular and transgranular cracks) 

increased with increasing depth. Intragranular micro-cracks refer to those that lie within 

mineral grains, while transgranular cracks refer to those that run across several mineral 

grains and grain boundaries. Figure 1-6a and Figure 1-6b show the microphotographs of 

solid and partially disked LdB granite cores, respectively, taken from the 420 Level of the 

URL. This figure illustrates three types of micro-cracks, including grain boundary, 

intragranular, and transgranular cracks.  

Borehole start

Borehole end
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Figure 1-6 Microphotographs of: a) solid; and b) partially disked LdB granite cores. Note: 

quartz (Qtz), plagioclase (Plag), k-feldspar (Kfsp), biotite (Bt), grain boundary (Grb), 
intragranular (Intr) and transgranular (Tr). Size of images: 2.78 × 2.10 mm (Lim et al., 2012). 

Lim et al. (2012) further examined the micro-crack volumetric strain of the granitic cores 

taken at different depths in Canada and Sweden. Their results showed an increase in the 

micro-crack density as the sampling depths increased. They showed that the stress-

induced micro-cracks formed subparallel to the major far-field principal stress.  

1.2.2 Laboratory investigations of core damage 

One of the first laboratory experiments of core disking was conducted by Obert and 

Stephenson (1965), who discussed that the state of stress under which core disking occurs 

is not known. To determine the stress conditions leading to core disking, they developed 

a laboratory test setup to triaxially load cylindrical specimens of six rock types: Indiana 

limestone, Nova Scotia sandstone, Vermont marble, Maryland marble, Georgia granite, 

and South Dakota chalk. In their test setup, the bearing plate, used to apply the axial load, 

contained a hole to accommodate the entry of a diamond drill for core drilling. 

Subsequently, a core roughly half the size of the specimen was drilled. If core disking did 

not happen, the triaxial load was increased, and another core was drilled from the same 

rock type. This process was repeated for higher triaxial loads until core disking was 

observed. Obert and Stephenson (1965) obtained the axial to radial stress ratio required 

a) b)
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for core disking for all the rock types. Their experiments revealed that core disking occurs 

ǿƘŜƴ ǘƘŜ ƛƴ ǎƛǘǳ ǎǘǊŜǎǎ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ ǎǇŜŎƛƳŜƴΩǎ ƭƻƴƎ ŀȄƛǎ όƛΦŜΦΣ ƘƻǊƛȊƻƴǘŀƭ ǎǘǊŜǎǎ ƛƴ 

a vertical borehole) is higher than the vertical in situ stress, and the horizontal stress 

exceeds half of the UCS of the intact rock. Figure 1-7 shows the solid and disked Maryland 

marble and Georgia granite cores.  

 
Figure 1-7 Solid and disked cores of Maryland marble (left:) and Georgia granite (right) (Obert 

and Stephenson, 1965). 

Holt et al. (2000a) replicated the core drilling process in a laboratory setting employing 

synthetic sandstone. Their objective was to investigate how and when drilling-induced 

damage occurs and to quantify the effect of such damage on the laboratory properties, 

ƛƴŎƭǳŘƛƴƎ ¦/{ ŀƴŘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΦ ¢ƘŜȅ ƳŀƴǳŦŀŎǘǳǊŜŘ ǎȅƴǘƘŜǘƛŎ ǊƻŎƪǎ ǳƴŘŜǊ ƛƴƛǘƛŀƭ 

pressure to emulate typical far-field stresses (forming point in Figure 1-8a), referred to as 

virgin material. The further compacted the virgin material (right side of Figure 1-8a) to 

obtain the stiffness. They considered two approaches to determine the UCS of the 

synthetic rocks under pressure (i.e., in the intact far-field situation). In the first approach, 

illustrated in Figure 1-8b, they performed the UCS test on the virgin material before any 

a) b)
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unloading or core drilling. In this test, the axial and radial stresses were proportionally 

reduced until the axial stress became equal to the expected UCS. Subsequently, the axial 

stress was maintained constant while the radial stress was reduced to zero until core 

failure. If failure did not occur, the axial stress was further increased until failure occurred 

(Figure 1-8b).  

 
Figure 1-8 a) Stress path for manufacturing the synthetic sandstone; b) axial and radial 

stresses during the UCS test on virgin material under pressure; c) stress path to replicate the 
core drilling process after manufacturing the virgin material under pressure; d) axial and radial 

stresses during the Constant Mean Stress (CMS) test on a damaged core (Holt et al., 2000a). 

In the second approach, the synthetic rock was first unloaded to replicate the core drilling 

process (Figure 1-8c). They also compacted the sample (right side of Figure 1-8c) to obtain 

the stiffness of the cored sample. Their results showed that the cored sample has a lower 

stiffness compared to the virgin material. And then, without any human touch of the 

a) b)

c) d)
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unloaded specimen, it was loaded uniaxially following the standard UCS test procedure. 

Their results showed that the UCS of the specimens following the coring process was 20% 

to 50% of those of the virgin material. Holt et al. (2000a) suggested a new laboratory UCS 

test procedure, depicted in Figure 1-8d, referred to as the Constant Mean Stress (CMS). 

In this approach, both radial and axial stresses were initially increased to 50% of the 

expected UCS. Subsequently, radial stresses were reduced to zero while simultaneously 

increasing the axial load until failure. The purpose of this test was to close micro-cracks 

induced by coring and minimize their impact on the test results. Figure 1-9 shows an 

example of core disking observed following the core drilling simulation conducted on the 

synthetic cores. Holt et al. (2000a) concluded that core damage is inevitable and 

suggested that additional numerical simulations could offer deeper insights into the 

mechanisms behind this type of damage. 

 
Figure 1-9 Core disking observed following core drilling simulation on synthetic sandstone 

(Holt et al., 2000a). 

Chen et al. (2023) conducted laboratory experiments of core drilling within granitic rocks 

to quantify core damage as a function of sampling depth, represented by confining 

pressure. For this purpose, they extracted 300 × 300 × 300 mm3 granitic rock blocks 

(Figure 1-10a) from depths of 10 to 50 m below the ground surface in an open mine in 

China. The confining pressures were applied to all four sides of the blocks to replicate the 
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far-field in situ stress conditions. Figure 1-10b shows the laboratory setup for the core 

drilling experiment. The core drilling experiment was conducted for confining pressures 

of 0, 10, 20, 30, and 40 MPa. For each test, the confining pressure was kept constant, and 

three 50-mm-diameter cores were drilled using the upper core drilling machine.  

 
Figure 1-10 a) Granitic blocks used in the core drilling experiment; and b) test system showing 
the core drilling conducted on a block under a given confining pressure in two directions (Chen 

et al., 2023). 

Figure 1-11 shows the cores drilled from blocks under various applied confining pressures. 

As can be seen in this figure, under the confining pressures of 0 and 10 MPa, no visible 

cracks are formed (Figure 1-11 a and b). However, at a confining pressure of 20 MPa, a 

single fracture appeared in the middle of two cores (Figure 1-11c). Clear core-disking 

fractures are identified under the confining pressure of 30 MPa, and systematic disking 

occurs in the blocks under a confining pressure of 40 MPa. 

a) b)
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Figure 1-11 Cored samples drilled through blocks under different applied confining pressures: 
a) 0 MPa; b) 10 MPa; c) 20 MPa; d) 30 MPa; e) 40 MPa, and f) zoomed-in view of disks (Chen et 

al., 2023). 

The results of laboratory experiments by Chen et al. (2023) indicated that as the initial 

confining pressure (i.e., depth) increases, damage, and subsequently porosity increases. 

Furthermore, the core disking fractures were generated perpendicular to the core drilling 

direction (i.e., perpendicular to the core long axis). Figure 1-12 shows the stress-strain 

curves of the damaged granitic samples subjected to unconfined compression. As can be 

seen in this figure, the nonlinearity in the stress-strain curve due to crack closure 

increases with confining pressure(i.e., depth) and therefore, the stress-induced damage 

increases. Figure 1-13 depicts the failure modes of the damaged samples after the UCS 

tests, indicating a more pronounced axial splitting failure with increased stress-induced 

damage. 
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Figure 1-12 Stress-strain curves of the damaged cores obtained from the UCS test. Note: cores 
were drilled from blocks under confining pressures of 0 MPa, 10 MPa, 20 MPa, 30 MPa, and 40 

MPa. (Chen et al., 2023).  

 

 
Figure 1-13 Failure modes of damaged cores after the UCS test. Note: cores were drilled from 

blocks under confining pressures of: a) 0 MPa; b) 10 MPa; c) 20 MPa; d) 30 MPa; and e) 40 
MPa (Chen et al., 2023). 

Furthermore, Chen et al. (2023) counted the number of micro-cracks in the cores and 

found that the level of damage in the cores subjected to 40 MPa confining pressure was 

four times greater than that in the undamaged core. This damage led to a reduction of 

21% in the UCS and 28% in the Brazilian tensile strength compared to the undamaged 

cores. Moreover, employing 3D continuum numerical modeling, Chen et al. (2023) 
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derived the coring stress path for six points in the center and edge of the core during 

drilling. Figure 1-14 shows the changes in the minor principal stress (3̀) along the core 

axis for two cases of applied confining pressures of 20 MPa (dashed line) and 30 MPa 

(solid line), highlighting that the primary cause of core damage is the induced tensile 

stresses generated within the core during drilling.  

 
Figure 1-14 Minor principal stress variation along the core axis (i.e., center line and core edge) 

during drilling from blocks under confining pressures of 20 MPa and 30 MPa (Chen et al., 
2023). 

While laboratory experiments to capture the core drilling process and associated core 

damage/disking offer valuable insights, they pose some challenges and limitations. For 

instance, in these experiments, the same magnitudes of horizontal stresses are often 

applied to all sides of the specimen, creating uniform horizontal far-field stresses, which 

may not truly capture the actual stress state in the field. Moreover, monitoring the 

initiation and propagation of micro-cracks and their failure mechanisms are challenging 

in the laboratory setup. Conversely, numerical simulations serve as a tool capable of 

replicating the in situ stress conditions and offer enhanced understanding regarding the 
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mechanisms triggering coring-induced damage. In the following section, a review of 

numerical simulations of drilling-induced core damage and disking using various 

numerical modeling approaches is presented.  

1.2.3 Numerical investigations of core damage 

Various numerical methods have been used to simulate the core drilling process and 

associated damage.  Holt et al. (2000b) employed the Particle Flow Code (PFC) in two- and 

three-dimensions to investigate the effect of stress release during coring on damage 

formation by replicating the laboratory experiments, with synthetic sandstones 

manufactured under stress, conducted earlier by Holt et al. (2000a). Their findings 

indicated that the 3D simulation provided closer alignment with the laboratory test 

results compared to the 2D simulations. Holt et al. (2001) used an indirect approach to 

simulate the core drilling process. Instead of direct simulation of the coring process, they 

applied the core drilling stress path to the rock specimen in PFC3D. They reloaded the 

previously cored specimens (i.e., subjected to a coring stress path) to investigate the 

applicability of the Kaiser Effect (Lavrov, 2003) in predicting the maximum far-field stress. 

The Kaiser Effect implies that reloading a previously stressed material induces cracks 

(acoustic emissions) only when the previously experienced maximum stress is reached 

(Holt et al., 2001). While Holt et al. (2001) successfully predicted the maximum far-field 

stress using the Kaiser Effect, their stress path was simple and did not account for the 

tensile stresses generated within the core during drilling. As illustrated in Figure 1-15, they 

simply reduced the vertical stresses to a low value followed by reducing horizontal 

stresses to zero.  



19 

 

 

 
Figure 1-15 Coring stress path applied to PFC3D model, showing reduction in the vertical stress 

followed by reduction in horizontal stresses (from Holt et al., 2001). 

Corthésy and Leite (2008) utilized an axisymmetric model in FLAC2D to simulate the core 

drilling process previously performed in the laboratory by Obert and Stephenson (1965). 

Their simulation employed a Cohesion Weakening Friction Strengthening (CWFS) 

constitutive model. Their findings indicated that, depending on the far-field stress state 

and the ratio of tensile to shear strength of the rock, core damage and disking could be 

solely tensile failure, shear failure, or a combination of tensile and shear failures. 

However, the dominant mechanism observed was tensile failure, initiating at the core 

center and propagating toward core boundaries. Corthésy and Leite (2008) cautioned 

against using core damage and disking as direct estimators of far-field stresses due to the 

complexities in the mechanisms behind these phenomena and the presence of residual 

stresses resulting from the core drilling process. Figure 1-16a and Figure 1-16b show the 

residual compressive and tensile stresses, respectively, remained after the core drilling 

simulation for a case with an axial stress of 62 MPa and a radial stress of 124 MPa. . 
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Figure 1-16 Results of core disking simulation using axisymmetric models showing: a) residual 
compressive stress; and b) residual tensile stress, remained after coring for the case of radial 

stress of 124 MPa and axial stress of 62 MPa (Corthésy and Leite, 2008). 

Valley et al. (2010) simulated the core drilling process using the axisymmetric option in 

Phase2 (a former version of RS2). Their simulations encompassed three distinct stress 

states at the URL: stress domain 1 (130 m level), stress domain 2 (240 m level), and stress 

domain 3 (420 m level). As illustrated in Figure 1-17, with an increase in the core sampling 

depth, the tensile stresses and subsequent tensile yielding within the core increases. As 

can be seen in this figure, no core damage (i.e., tensile yielding) occurs at stress domain 

1, while the induced tensile stresses within the core cause core damage and core disking 

in the cases of stress domains 2 and 3. 

a) b)



21 

 

 

 
Figure 1-17  {ƛƳǳƭŀǘŜŘ ŘŀƳŀƎŜ όǘŜƴǎƛƭŜ ȅƛŜƭŘƛƴƎύ ƛƴ ǘƘŜ ŎƻǊŜǎ ŘǊƛƭƭŜŘ ŦǊƻƳ ǘƘŜ ¦w[Ωǎ ǎǘǊŜǎǎ 

domain 1, stress domain 2, and stress domain 3 (Valley et al., 2010).  

Wilk et al. (2012) simulated the core drilling process in granitic rocks using the 

axisymmetric option in FLAC. They explored various constitutive models, including elastic, 

elastic perfectly plastic, Cohesion Softening (CS), Cohesive Weakening Friction 

Strengthening (CWFS), and Tensile Softening (TS). Figure 1-18a shows the tensile stress 

contour in an elastic model when the coring depth is 20% of the core radius. Figure 1-18b 

also depicts plastic shear strains generated for the case of elastic perfectly plastic model, 

and Figure 1-18c illustrates the plastic tensile strain contour for the case of the CWFS 

model. Wilk et al. (2012) discussed that an appropriate constitutive model should 

promote tensile failure before any shear failure happens. It is worth noting that no grain-

scale heterogeneity (i.e., grains, grain boundaries, veins, etc.) was explicitly simulated. 

Many researchers (e.g., Lan et al., 2010) have highlighted the importance of incorporating 

grain-scale heterogeneities in the numerical models to promote tensile failure at the grain 

scale. Without explicitly considering rock heterogeneities, modifications to constitutive 

models become essential to replicate the observed failure, although such models may not 

necessarily capture the true failure mechanism. 
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Figure 1-18 Simulation results of core drilling using axisymmetric models in FLAC: a) tensile 
stress contours in an elastic model when coring depth is 20% of core radius; b) plastic shear 

strain contours in an elastic perfectly plastic model; and c) plastic tensile strain contours in the 
CWFS model (Wilk et al., 2012). 

Hamdi et al. (2015) investigated the influence of micro-cracks on the shear and tensile 

strengths of LdB granite using the FDEM program ELFEN (Rockfield, 2012). For this 

purpose, they analyzed the thin sections of damaged LdB granite (damage due to coring) 

to obtain the size, orientation, and density of micro-cracks and replicated the micro-

cracks in their numerical simulations. Figure 1-19 depicts a model consisting of pre-

existing micro-cracks prior to the UCS test simulation. Hamdi et al. (2015) further 

performed uniaxial and triaxial compression as well as the Brazilian tensile tests on the 

numerical specimens. Hamdi et al. (2015) discussed that regardless of the origin of these 

micro-cracks, they promote tensile stress concentration at their tips leading to local 

tensile failure. As the load on the rock increases, these micro-cracks coalesce leading to 

macro fracture. Figure 1-20 depicts the evolution of crack propagation from the tips of 

pre-existing micro-cracks in an ELFEN model subjected to unconfined compression. Figure 

1-21 illustrates the impact of micro-crack intensity on the laboratory properties of intact 

a) b) c)
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rock. Figure 1-21a demonstrates how the UCS is impacted by the micro-crack intensity, 

and Figure 1-21b presents the stress-strain curves of undamaged and damaged numerical 

specimens, illustrating the impact of micro-crack intensity on their strength and post-peak 

response. As can be seen in Figure 1-21b, the nonlinearity in the stress-strain curves was 

not captured, as pre-existing damage in the numerical specimens was simulated as closed 

micro-cracks. It is worth noting that P21 (i.e., micro-crack intensity) in these figures is the 

ratio of the total fracture trace length over the sampling area. Their study demonstrated 

that an increase in the micro-crack intensity decreases the tensile strength (Figure 1-21c) 

and cohesion (Figure 1-21d), while leaving the friction angle unaffected (Figure 1-21d).  

 
Figure 1-19 An example of the ELFEN model consisting of pre-existing micro-cracks (Hamdi et 

al., 2015). 
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Figure 1-20 Simulation of wing crack propagation from the tips of pre-existing micro-cracks in 
an ELFEN model under uniaxial loading. Note: red color denotes tensile stress concentration at 

the tips of micro-cracks (Hamdi et al., 2015). 

 
Figure 1-21 Results of simulation of lab tests on specimens with pre-existing micro-cracks 

using ELFEN:  a) influence of micro-crack intensity on UCS; b) stress-strain curves of 
undamaged and damaged specimens; c) influence of micro-crack intensity on tensile strength; 
and d) influence of micro-crack intensity on cohesion and friction angle (Hamdi et al., 2015). 

Note: P21 (micro-crack intensity) is total fracture traces over sampling area. 

a) b)

c) d)
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Bahrani et al. (2015) simulated the core drilling process using the continuum numerical 

program Abaqus with an in situ stress state representing the 420 Level of the URL. Figure 

1-22a shows the 3D coring stress path obtained from this model and the failure envelope 

of the undamaged LdB granite. As shown by the black solid curve in this figure, starting 

from the initial stress state, the minor principal stress decreases as the major principal 

stress increases, meaning that the deviatoric stress increases. The stresses exceed the 

strength envelope in the tensile zone before they reach a zero stress state (when coring 

is completed). Bahrani et al. (2015) applied a simplified coring stress path (grey arrows in 

Figure 1-22a) to a 2D PFC model previously calibrated against the laboratory properties 

of undamaged LdB granite (i.e., UCS = 213 MPa). Their analysis revealed that the induced 

tensile stresses formed sub-horizontal micro-cracks in the direction of the major principal 

stress (Figure 1-22b). The damaged specimen was subsequently subjected to uniaxial 

loading (i.e., UCS test). They found that the micro-cracks formed during unloading 

interacted with those created during uniaxial loading, resulting in a lower peak strength 

of roughly 157 MPa compared to 213 MPa for the undamaged LdB granite.  

 
Figure 1-22 Results of core damage simulation: a) 3D coring stress path for a borehole parallel 
to the minor principal stress direction and an approximate stress path used to simulate core 
damage in PFC; b) micro-cracks generated in the core after applying the approximate stress 

path (grey lines in Figure 8a); and c) stress-strain curves of the undamaged and damaged PFC 
specimens (from Bahrani et al., 2015). 

c) a) b) 
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Figure 1-22c compares the stress-strain curves obtained from the UCS test simulations on 

ǳƴŘŀƳŀƎŜŘ ŀƴŘ ŘŀƳŀƎŜŘ tC/ ƳƻŘŜƭǎΦ !ǎ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ ǘƘƛǎ ŦƛƎǳǊŜΣ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ 

is reduced from 66 GPa to 44 GPa. The results of the UCS tests on damaged LdB granite 

by Martin and Stimpson (1994) showed that the closure of micro-cracks resulted in a 

nonlinear stress-strain curve. This nonlinearity, however, was not captured by the PFC 

models because the stress path used by Bahrani et al. (2015) does not capture the change 

in ǘƘŜ ˋ3 magnitude in the tensile zone. As a result, the simulated micro-cracks were not 

open, and therefore, their closure during uniaxial loading was not captured in the UCS 

test simulations. 

Wu et al. (2018) used PFC3D to simulate drilling-induced core damage in Indiana 

limestone. Figure 1-23a shows the 3D model constructed in PFC3D. They considered 

different stress states to investigate the effect of far-field stresses on core damage 

initiation and disk thickness. Their findings indicated that when the maximum principal 

stress exceeds 6.5 times the tensile strength of intact rock, core disking can be expected. 

Additionally, in all scenarios, core disking initiated from the outer surface and propagated 

inward. Figure 1-23b and Figure 1-23c display sectional views of the generated micro-

cracks within the core along the y- and z-ŀȄŜǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ŦƻǊ ǘƘŜ ŎŀǎŜ ƻŦ ˋx = 40 MPa, 

ỳ Ґ пл atŀΣ ŀƴŘ ˋz = 10 MPa. Wu et al. (2018) also demonstrated that an increase in the 

magnitude of axial stress (stress parallel to the core axis) increases the disk thickness, and 

an increase in the magnitude of radial stress (stress perpendicular to the core axis) 

decreases the disk thickness. 
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Figure 1-23 a) Geometry of PFC3D model used to simulate core drilling and associated 

damage; b) longitudinal section of the core and the generated micro-cracks (along y-axis); and 
c) cross-section of the core and the generated micro-cracks along z-axis, for the case ƻŦ ˋx = 40 

atŀΣ ˋy Ґ пл atŀΣ ŀƴŘ ˋz = 10 MPa (from Wu et al., 2018). 

Bahrani and Valley (2020) developed a combined continuum-discontinuum model in 

3DEC to explicitly simulate the core drilling process and associated core damage. Their 

model consisted of two domains: 1) a discontinuum domain in which a Bonded Block 

Model (BBM) with tetrahedral blocks (grains) was generated, using the micro-properties 

obtained through a calibration process; and 2) a continuum domain simulating the rock 

near the core. Figure 1-24 shows the model geometry, the continuum and discontinuum 

domains, and the BBM representing the core before and after drilling. Figure 1-25 shows 

the damage generated in the simulated cores using the stress states representative of the 

130 m, 240 m, and 420 m Levels of the URL.  

b) c)a)
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Figure 1-24 a) 3DEC continuum-discontinuum model showing the core sections in continuum 
and discontinuum domains; and b) a zoomed-in view of the core (i.e., BBM) before and after 

drilling (from Bahrani and Valley, 2020). 

 

 
Figure 1-25 Simulated core damage (i.e., micro-cracks) at three stress domains of the URL 

(Bahrani and Valley, 2020). 

As can be seen in Figure 1-25, the core associated with the 420 m Level of the URL is 

heavily damaged, and the damage level decreases as the sample depth decreases. 
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Bahrani and Valley (2020) further adjusted the micro-properties of the BBM (i.e., core 

section) to capture the UCS and elastic modulus of both undamaged and damaged LdB 

granite. They successfully captured strength and elastic modulus reduction due to the 

presence of micro-cracks and the nonlinearity in the stress-strain curves due to the 

closure of micro-cracks during uniaxial loading (Figure 1-26). However, their model either 

ǳƴŘŜǊŜǎǘƛƳŀǘŜŘ ǘƘŜ ¦/{ ƻǊ ƻǾŜǊŜǎǘƛƳŀǘŜŘ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ŘŀƳŀƎŜŘ [Ř. ƎǊŀƴƛǘŜΦ 

They suggested a model with a more realistic grain geometry (i.e., Voronoi blocks) may 

improve the simulation results. 

 
Figure 1-26 An example of stress-strain curves for undamaged and damaged BBM, showing 
the nonlinearity in the stress-strain curve of the damaged BBM due to the closure of micro-

cracks (Bahrani and Valley, 2020). 

 

1.3 Limitations of Previous Research 

In this section, the limitations of previous research reviewed above, including the absence 

of grain-scale heterogeneities in continuum models, simplistic 2D simulations of core 

damage, as well as problems associated the 3D modeling of the coring and overcoring 

processes are discussed.  
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¶ Grain-scale heterogeneities 

1. Capturing the brittle failure process requires incorporating various types of grain-scale 

heterogeneities into numerical models, through Grain-Based Modeling (GBM) 

approaches. Various types of grain-scale heterogeneities include grain geometric 

heterogeneity (i.e., grains and grain boundaries) and grain property heterogeneity 

(i.e., variability in the properties of grains and grain boundaries). However, previous 

studies have either ignored the grain-scale heterogeneities (e.g., Holt et al., 2000b; 

Holt et al., 2001;  Corthésy and Leite, 2008) or selectively considered certain sources 

of heterogeneity while neglecting others in order to streamline the simulation (e.g., 

Fang and Harrison, 2002; Valley et al., 2010; Kazerani and Zhao, 2010; Bewick et al., 

2012; Bahrani et al., 2014; Bewick et al., 2014; Manouchehrian and Cai, 2016; Li and 

Bahrani, 2021; Sanipour et al., 2022; Hamediazad and Bahrani, 2022). In Chapter 2 of 

this study, a novel approach was adopted that accounts for both grain property 

heterogeneity, involving various mineral types, and grain geometric heterogeneity, 

represented by Voronoi blocks, within the continuum-based program RS2. 

2. While in some studies both grain geometric and property heterogeneities have been 

considered in the GBM, they were limited to a single grain structure, thus overlooking 

the inherent variability and scatter observed in laboratory test data (e.g., Lan et al., 

2010; Hofmann et al., 2015a & b; Peng et al., 2017; Peng et al., 2018; Abdelaziz et al., 

2018; Sinha and Walton, 2020). Conducting laboratory test simulations on numerical 

specimens having different sets of grain structure (known as realizations), allows for 

a more comprehensive understanding of the potential range of rock properties and 

behavior. By accounting for inherent rock heterogeneity, which leads to variability in 

rock properties, it is possible to assess the likelihood of different outcomes and 

account for uncertainties in the design. To fill the research gap, in Chapter 2, ten 

unique, randomly generated, grain structures were generated in RS2, and their 

strength variabilities were investigated and compared to laboratory test data. 
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3. In previous studies (e.g., Gao and Stead, 2014; Ghazvinian et al., 2014; Gao et al., 

2016), both polygonal (Voronoi) and triangular gains have been used to represent rock 

mineral grains in the discontinuum-based models and the advantages and limitations 

of each were discussed. Nevertheless, no study has systematically compared models 

utilizing polygonal and triangular grains within the hybrid continuum-discontinuum 

models. In Chapter 3 of this study, models having Voronoi and triangular grains were 

generated in the hybrid continuum-discontinuum program Irazu, and the advantages 

and disadvantages of each model in simulating rock behavior under loading and 

unloading conditions are discussed. 

 

¶ Coring stress path 

1. In the studies reviewed above, coring stress paths obtained from 3D elastic models 

are more complex than those applied to the 2D models. The stress paths utilized in 

the previous studies included the reduction of one principal stress to zero followed by 

the reduction of the other principal stress to zero ignoring the unloading-induced 

tensile stresses. It is known that the rock strength is stress path dependent (Martin, 

1993; Martin, 1997; Hajiabdolmajid et al., 2002), and each of the above-mentioned 

stress paths may result in a unique damage pattern within the rock. Therefore, it is 

necessary to apply a stress path that also considers changes in the stress magnitude 

in the tensile zone. For this purpose, in Chapters 2 & 3, a more representative stress 

path that accounts for the changes in the stress magnitudes in the tensile zone, is 

applied to 2D models. 

2. As evidenced in the literature, the core drilling process generates tensile stresses 

within the core. The induced tensile stresses are expected to open the micro-cracks 

result in nonlinearity in the stress-strain curve due to their closure during uniaxial 

loading. However, none of the 2D models reviewed above were able to capture this 

initial nonlinearity in the stress-strain curves (Hamdi et al., 2015; Bahrani et al., 2015). 
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In Chapter 3 of this study, the tensile stresses applied to the undamaged models 

during unloading resulted in the opening of the micro-cracks. It is demonstrated that 

the closure of these open micro-cracks during uniaxial loading results in the 

nonlinearity in the stress-strain curve. 

 

¶ 3D simulation of the coring and overcoring processes  

Core drilling and overcoring are 3D processes. As discussed by Bahrani et al. (2019), during 

coring, the magnitudes and orientations of the principal stress components within the 

core continuously change, resulting in the generation of micro-cracks oriented at various 

angles. These micro-cracks may affect the damage initiation and propagation stress levels, 

stress memory, and strength. For a realistic representation of stress changes and the 

corresponding damage initiation, Bahrani et al. (2015) emphasized the necessity of 

simulating core/overcore damage using 3D discontinuum models that encompasses all 

sources of grain-scale heterogeneities. However, running such complex models is 

computationally impractical. Consequently, in previous 3D coring simulations, some 

simplifications were considered. The limitations associated with those simplifications are 

discussed below. 

1. In the 3D simulations of the coring process reviewed above, except for the work by 

Wu et al. (2018) and Bahrani and Valley (2020), axisymmetric analysis in 2D software 

packages was used (Corthésy and Leite, 2008; Valley et al., 2010; Wilk et al., 2012). 

While axisymmetric models can be useful for simplifying complex 3D problems, there 

are some limitations associated with them. These limitations arise from the 

assumption that the problem is symmetric around an axis, and that the stress 

components perpendicular to the axis of symmetry are equal. One drawback of this 

assumption is that grain-scale heterogeneities such as grains and grain boundaries 

cannot be simulated. The drawback of this approach is particularly evident when 
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attempting to represent situations where the stress field is not radially symmetric, as 

is the case with far-field stresses at the URL. In Chapter 4 of this study, the coring 

process is explicitly simulated in 3DEC. 

2. Bahrani and Valley (2020) addressed these limitations by employing 3D discontinuum 

models using 3DEC to explicitly simulate the core drilling process. Their model 

successfully captured stress-induced damage, the nonlinearity in the stress-strain 

curve due ǘƻ ŎǊŀŎƪ ŎƭƻǎǳǊŜΣ ŀƴŘ ǘƘŜ ǊŜŘǳŎǘƛƻƴǎ ƛƴ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ ¦/{Φ 

IƻǿŜǾŜǊΣ ǘƘŜȅ ŜƛǘƘŜǊ ƻǾŜǊŜǎǘƛƳŀǘŜŘ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻǊ ǳƴŘŜǊŜǎǘƛƳŀǘŜŘ ǘƘŜ ¦/{Φ 

Bahrani and Valley (2020) used tetrahedral blocks in 3DEC to simulate grains, and the 

grain boundaries in their model followed specific orientations (i.e., not randomly 

oriented). Therefore, the grain structure in their model was not a good representation 

of real grain structures in brittle rocks. Bahrani and Valley (2020) suggested using a 

more representative grain structure (Voronoi rather than triangular blocks) in a 

discontinuum-based model to potentially solve the problem. To this end, in Chapter 

4, Voronoi blocks are generated within the cores and overcores in 3DEC. 

3. No 3D numerical simulation has investigated the effect of borehole orientation on the 

stress-induced damage. ¢ƻ Ŧƛƭƭ ǘƘŜ ǊŜǎŜŀǊŎƘ ƎŀǇΣ ƛƴ /ƘŀǇǘŜǊ пΣ ǾŜǊǘƛŎŀƭ όǇŀǊŀƭƭŜƭ ǘƻ ˋ3) 

ŀƴŘ ƘƻǊƛȊƻƴǘŀƭ όǇŀǊŀƭƭŜƭ ǘƻ ˋ1) boreholes are simulated in 3DEC to investigate the 

influence of borehole orientation on the level of core damage.  

4. Although the overcoring-induced damage was observed in the overcored samples at 

the URL (Martin and Christiansson, 1991), no numerical study has investigated the 

overcoring-induced damage. In Chapter 4, the overcoring-induced damage is 

investigated through the explicit simulation of the overcoring process in 3DEC and to 

assess the impact of borehole orientation on the level of damage after pilot hole 

drilling and after overcoring. 
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In this research, it was tried to address the limitations mentioned above. In the following, 

the objectives and methodology adopted in this research are discussed.  

1.4 Research Objectives 

In this research, a methodology was developed, using numerical modeling, to estimate 

the level of stress-induced damage within cores and overcores and to predict the impact 

ƻŦ ŎƻǊŜ ŘŀƳŀƎŜ ƻƴ ǘƘŜ ƭŀōƻǊŀǘƻǊȅ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ƘŀǊŘΣ ōǊƛǘǘƭŜ ǊƻŎƪǎ όƛΦŜΦΣ ˋt, UCS and E). 

Additionally, the mechanisms leading to stress-induced micro-crack formation within 

cored and overcored samples in hard, brittle rocks under high in situ stress conditions 

were investigated. The following provides the high-level objectives of this research.  

¶ High-level objectives:  

1. Simulating grain-scale geometric and property heterogeneities in 2D models with 10 

different arrangements of grain structure and assessing the effect of elastic property 

heterogeneity on macro-property variability under loading and unloading conditions;  

2. Applying unloading stress path due to core drilling from high stress grounds to 2D 

models and investigating the effects of induced tensile stresses during core drilling on 

micro-crack formation, its opening, and associated reduction in strength and 

deformation properties of hard brittle rocks;  

3. Simulating the UCS test on the damaged models (following the application of stress 

path) and understanding the mechanisms leading to the nonlinearity in the stress-

strain curves;  

4. Investigating the effect of borehole orientation and magnitude of far-field stresses on 

stress-induced damage in rock samples caused by coring and overcoring; 
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¶ Secondary objectives: 

1. Investigating the capabilities of different numerical modeling programs including 2D 

continuum, 2D hybrid continuum-discontinuum, and 3D discontinuum, in capturing 

the stress-induced micro-cracks; 

2. Developing calibration methodologies in 2D continuum and hybrid continuum-

ŘƛǎŎƻƴǘƛƴǳǳƳ ƴǳƳŜǊƛŎŀƭ ǇǊƻƎǊŀƳǎ ǘƻ ŎŀǇǘǳǊŜ ǊŜŘǳŎǘƛƻƴǎ ƛƴ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ ¦/{ 

as a result of unloading-induced micro-cracks; 

3. Investigating the effect of grain structure (i.e., triangular vs Voronoi blocks) on the 

macro-properties as well as the micro- and macro-behavior of the hard brittle rocks 

under loading and unloading conditions in a 2D hybrid continuum-discontinnum 

numerical program. 

1.5 Research Methodology 

In this research, three different numerical methods are used to achieve the objectives of 

this research:   

¶ 2D continuum (RS2 by Rocscience): RS2 is a commercial numerical program based on 

the implicit Finite Element Method (FEM).  

¶ 2D hybrid continuum-discontinuum (Irazu by Geomechanica): Irazu is a commercial 

numerical program based on the hybrid Finite-Discrete Element Method (FDEM). 

¶ 3D discontinuum (3DEC by Itasca): 3DEC is a commercial numerical program based 

on the Distinct Element Method (DEM).  

These numerical methods are used to generate a Grain-based Model (GBM). In the GBM, 

the rock model is made up of blocks, representing grains, that are connected with each 

other at their boundaries using a contact or an interface logic. Next, the micro-properties 

(i.e., strength and deformation) are assigned to blocks (representing grains) and block 

boundaries (representing grain boundaries) and adjusted through an iterative process, 
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ŎŀƭƭŜŘ άŎŀƭƛōǊŀǘƛƻƴέΣ ōȅ ǎƛƳǳƭŀǘƛƴƎ ǎǘŀƴŘŀǊŘ ƭŀōƻǊŀǘƻǊȅ ǘŜǎǘǎ όŜΦƎΦΣ ǳƴŎƻƴŦƛƴŜŘ ŀƴŘ 

confined compression tests and direct and/or indirect tensile tests) until the known 

macro-ǇǊƻǇŜǊǘƛŜǎ όƛΦŜΦΣ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ ǳƴŎƻƴŦƛƴŜŘ ŀƴŘ ŎƻƴŦƛƴŜŘ ŎƻƳǇǊŜǎǎƛǾŜ 

strengths, and direct and/or indirect tensile strengths) and macro-behavior (i.e., 

simulated failure modes and post-peak response) of the undamaged LdB granite are 

reasonably captured. Consequently, the calibrated models are used to investigate the 

influence of coring and overcoring on damage formation, through two different 

approaches: 

1.5.1 Indirect approach by applying 3D coring stress path to 2D 

heterogeneous models 

In this approach, various GBMs are generated in RS2 and Irazu. The following general 

steps and assumptions are taken: 

1) The models are first calibrated to the laboratory properties (provided in Table 1-1) 

and strength envelope of undamaged LdB granite. It is assumed in these simulations 

that the undamaged models are devoid of natural (pre-existing) micro-cracks. 

2) In 2D simulations, once the models are calibrated, an investigation is performed to 

determine the proper boundary conditions to apply the unloading stress paths to 

undamaged models in RS2 and Irazu.  

3) Next, the calibrated GBMs in RS2 and Irazu are subjected to the core drilling stress 

path to create damage (i.e., micro-cracks). 

4) Next, various standard laboratory tests (i.e., unconfined and confined compression 

and tensile tests) are conducted on the damaged models, and the simulation results 

(i.e., strength and deformation properties) are compared with those of undamaged 

models to better understand the effect of coring-induced damage on the strength and 

deformation properties of hard, brittle rocks. 
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5) The micro-properties of the undamaged and damaged models are iteratively adjusted 

until the models are calibrated to the macro-properties and macro-behavior of both 

undamaged and damaged LdB granite using one set of micro-properties. 

 

1.5.2 Direct approach by explicitly simulating coring and overcoring processes 

In this approach, the coring and overcoring processes are simulated using a 3D combined 

continuum-discontinuum model (i.e., 3DEC model consisting of continuum and 

discontinuum domains), following the method suggested by Bahrani and Valley (2020). 

The following general steps and assumptions are taken: 

1) A 3D grain structure is generated in Neper, which is an open-source software 

developed to generate complex geometries.  

2) The generated model is imported into 3DEC to generate a GBM.  

3) The GBM is calibrated against the laboratory properties (i.e., direct tensile strength, 

¦/{Σ ŀƴŘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎύ ƻŦ ǳƴŘŀƳŀƎŜŘ [Ř. ƎǊŀƴƛǘŜΦ ¢ƘŜ ŀŘƧǳǎǘŜŘ ƳƛŎǊƻ-properties 

are then used to simulate coring and overcoring within a larger continuum model.  

4) The coring and overcoring processes are simulated for various depths (i.e., 130 m, 240 

m and 420 m) and borehole orientations (i.e., parallel to three principal stress 

directions) at the URL. 

5) The number of contact failure representing micro-cracks are used to evaluate the level 

of damage within the core caused by coring and overcoring at different depths and 

borehole orientations.  

It is worth noting that LdB granite has a porosity ranging from 0.2% to 0.5% (Andrews, 

1988). This level of porosity is considered very low, and as a result, LdB granite maintains 

high compressive strength. Therefore, porosity was not simulated in this research. The 

focus of this study was mainly on the 420 Level of URL. As discussed by Martin et al. 
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(1993), the potable water in the Canadian Shield generally goes up to depths of ~100 m, 

and the 420 Level lies below the water table. While valuable studies have examined the 

poroelastic response of LdB granite (e.g., Berchenko et al., 2004), this aspect was not 

considered in this research. 

1.6 Document Overview  

¢Ƙƛǎ ǘƘŜǎƛǎ ŘƻŎǳƳŜƴǘ ƛǎ ƻǊƎŀƴƛȊŜŘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ΨǇŀǇŜǊ ŦƻǊƳŀǘΩ ǎǇŜŎƛŦƛŜŘ ƛƴ ǘƘŜ CŀŎǳƭǘȅ ƻŦ 

DǊŀŘǳŀǘŜ {ǘǳŘƛŜǎ όCD{ύ ƻŦ 5ŀƭƘƻǳǎƛŜ ¦ƴƛǾŜǊǎƛǘȅΩǎ ǘƘŜǎƛǎ ƎǳƛŘŜƭƛƴŜǎΦ ¢Ƙƛǎ ŘƻŎǳƳŜƴǘ 

comprises five chapters. The first chapter introduced the subject, provided a review of 

relevant research, discussed the limitations of previous studies, outlined research 

objectives, and discussed the research methodology. The next three chapters (i.e., 

Chapter 2, Chapter 3, and Chapter 4) present the distinct contributions of the research, 

with each chapter containing the manuscript published in or submitted to a journal. The 

final chapter encompasses a summary, conclusions, and recommendations for future 

work. Also, Appendices A and B provide the preliminary works of this study, published as 

conference papers in Rocscience International Conference (RIC) in Toronto in 2023, and 

European Rock Mechanics Symposium (Eurock) in Spain 2024. The following provides 

additional information about each chapter. 

Chapter 2: In this chapter, a paper published in Computers and Geotechnics is presented. 

It describes the continuum-based heterogenous models developed to capture brittle 

damage and failure of hard rocks under loading and unloading conditions. RS2 is 

employed to generate ten unique, randomly generated, grain structures of a 

homogeneous GBM (consisting of one mineral type) and a heterogeneous GBM 

(consisting of four mineral types with different elastic moduli). The strength variabilities 

of these models are investigated and compared to laboratory test data. Furthermore, 

both calibrated homogeneous and heterogeneous GBMs are subjected to an unloading 
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stress path, emulating core drilling conditions, and the effect of grain stiffness 

heterogeneity on unloading-induced brittle damage and subsequent changes to the 

strength and deformation properties of undamaged rocks are explored.  

Chapter 3: This chapter includes a paper published in Computers and Geotechnics. In this 

chapter, the influence of coring stress path on damage formation and associated changes 

in the rock properties are investigated using Irazu. Additionally, the influence of grain 

geometry on the failure mechanism is investigated. For this purpose, two models with 

distinct grain geometries (i.e., triangular and Voronoi grains) are generated. Both models 

are first calibrated against the laboratory properties of undamaged LdB granite and then 

subjected to a coring stress path to generate damage in the form of grain boundary micro-

cracks. The calibration process also considered the laboratory properties and behaviour 

of damaged LdB granite, including the nonlinearity in the stress-strain response due to 

crack closure.  

Chapter 4: This chapter includes a paper submitted to Rock Mechanics and Rock 

Engineering and presents 3D simulations of coring and overcoring for various far-field 

stresses and borehole orientations. Core drilling and overcoring are first simulated in Irazu 

3D to obtain the elastic stresses (stress path) inside the cored and overcored samples. 

The stresses were compared to the tensile strength and crack initiation stress level of 

undamaged LdB granite to assess the potential for damage. Next, discontinuum 

simulations of coring and overcoring are carried out in 3DEC in two steps. First, a 

laboratory-scale specimen consisting of polygonal blocks representing grains (called 

Bonded Block Model or BBM) is calibrated to the properties of undamaged LdB granite. 

Next, the calibrated BBM is embedded in a 60 cm × 60 cm × 60 cm continuum 3DEC model 

that is assigned the elastic properties of undamaged LdB granite. The discontinuum 

domain (i.e., BBM) represents a section of the core in which damage is explicitly 

simulated. The simulations are conducted for three stress domains at the URL (i.e., 
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ǾŀǊƛƻǳǎ ŘŜǇǘƘǎύ ŀƴŘ ŦƻǊ ǘƘǊŜŜ ōƻǊŜƘƻƭŜ ƻǊƛŜƴǘŀǘƛƻƴǎ όƛΦŜΦΣ ōƻǊŜƘƻƭŜǎ ǇŀǊŀƭƭŜƭ ǘƻ ˋ1Σ ˋ2, and 

3̀).  

Chapter 5: The concluding chapter of this thesis document offers a thorough summary of 

the main research findings and explores their implications for the coring and overcoring. 

It also delivers a list of concluding remarks, offering an overview of the contributions and 

the overall significance of this research. Additionally, this chapter recognizes the 

limitations of this study and provides recommendations for future research. 
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2 CHAPTER 2  

Continuum-based Heterogenous Models for Capturing 

Brittle Damage and Failure of Hard Rocks Under Loading 

and Unloading Conditions 

Manuscript published in: Computers and Geotechnics, Vol. 165, January 2024, 105917 

2.1  Abstract 

Grain-scale heterogeneities play a crucial role in the failure process of hard brittle rocks. 

Previous numerical investigations have often overlooked certain sources of heterogeneity 

and the inherent variability in laboratory test data during model calibration. This study 

aims to assess the impact of grain-scale heterogeneities on macro-property variability, 

internal stress variations, and unloading-induced brittle damage using continuum-based 

heterogeneous models. For this purpose, ten realizations of homogeneous (consisting of 

one mineral type) and heterogeneous (consisting of four mineral types) Voronoi 

Tessellated Models (VTMs) were generated. These models were calibrated to match the 

mean strength of undamaged Lac du Bonnet (LdB) granite. The heterogeneous VTM 

demonstrated a stronger agreement with LdB granite in terms of the shape of the 

strength envelope and peak strength variability compared to the homogeneous VTM. 

Analysis of internal elastic stresses revealed higher induced tensile stresses within the 

heterogeneous VTM than the homogeneous VTM during compressive loading. 

Furthermore, it was found that, in contrast to the homogeneous VTM, unloading-induced 

brittle damage in the heterogeneous VTM led to a reduction in its peak strength and 

¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ ŀƭƛƎƴƛƴƎ ǿƛǘƘ ƭŀōƻǊŀǘƻǊȅ ǘŜǎǘ ǊŜǎǳƭǘǎΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ƘŜǘŜǊƻƎŜƴŜƻǳǎ 

VTM is deemed a more representative model for hard rocks than the homogeneous VTM. 
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2.2 Introduction 

Geomechanics problems inherently involve uncertainties that cannot be avoided. These 

uncertainties stem from challenges in determining design parameters, such as 

deformation and strength properties of intact rock, as well as the state of in situ stresses 

(Valley et al., 2010). To mitigate these uncertainties, one approach is to increase the 

number of samples tested in the laboratory. Nonetheless, testing core samples introduces 

variability and scatter in the properties of intact rocks, even when careful sample 

preparation and testing procedure are followed (Pepe et al., 2017). 

It is important to distinguish between variability and heterogeneity in intact rocks. 

Variability refers to the range of possible values that a rock property can exhibit when 

specimens are tested in the laboratory. Heterogeneities in rocks include inter- and intra-

grain cracks at the grain scale, small fractures, veins and cemented joints at the laboratory 

specimen and rock block scales, and block forming joints at the rock mass scale.  

Grain-scale heterogeneities play a crucial role in the failure process of hard brittle rocks, 

as they result in the generation of localized tensile stresses even when a rock specimen is 

under an overall compressive stress state (Lan et al., 2010). These localized tensile 

stresses result in micro-cracking when their magnitudes exceed the local tensile strength 

of the specimen, which usually occurs at the crack initiation stress level (c̀i at 30-50% of 

UCS) of intact rock. As compressive loading continues, micro-cracks propagate and 

coalesce at the crack damage stress level (c̀d at 70-90% of UCS), resulting in the formation 

of macro-fractures after the peak strength of intact rock is reached (Martin and Chandler, 

1994). 
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The presence of heterogeneities can also have a significant impact on the mechanical 

properties and failure process of hard brittle rocks during unloading. Numerical 

simulations using three-dimensional (3D) continuum methods have revealed that the 

state of stress continuously changes in magnitudes and orientations during core drilling 

and tunnel excavation (Read et al., 1998; Bahrani et al., 2015). For example, the rock near 

the boundary of an advancing tunnel and within a core may experience an increase in the 

magnitude of the major principal stress (i.e., loading), followed by a reduction in the 

magnitude of the minor principal stress (i.e., unloading). The induced stresses can exceed 

the crack initiation threshold and/or the tensile strength of intact rock, leading to damage 

to the rock due to grain-scale heterogeneities (Read et al., 1998; Bahrani et al., 2015). It 

has been argued that the generated tensile stresses amplify the level of damage to the 

rock by initiating new micro-cracks and/or opening pre-existing micro-cracks (Martin, 

1997; Read et al., 1998; Eberhardt, 2001; Bahrani et al., 2015). This damage can 

subsequently result in a reduction in the rock strength and elastic modulus during 

excavation advance or core drilling. Bahrani et al. (2015) and Amiri and Bahrani (2023) 

have demonstrated the necessity for incorporating grain-scale heterogeneities in 

numerical simulations to capture the unloading-induced brittle damage and associated 

changes to the properties of intact rocks during core drilling and tunnel excavation. 

Unfortunately, traditional numerical modeling approaches often overlook the inherent 

heterogeneities in rocks and their influences on the variability in mechanical properties 

by assuming a mean value for rock properties. However, with recent advances in 

numerical methods and software programs, it is possible to incorporate grain-scale 

heterogeneities, such as grains and grain boundaries, in numerical models. These models, 

known as Grain-Based Models (GBM), represent a rock medium as an assembly of 

polygonal/triangular blocks that represent rock minerals. These grains interact with each 

ƻǘƘŜǊ ŀǘ ǘƘŜƛǊ ōƻǳƴŘŀǊƛŜǎΣ ǎƛƳǳƭŀǘŜŘ ǳǎƛƴƎ ƴǳƳŜǊƛŎŀƭ ΨƧƻƛƴǘΩ ŜƭŜƳŜƴǘǎ ƻǊ ŎƻƴǘŀŎǘǎΦ  



44 

 

 

The purpose of using the GBM is to capture the pre- and post-peak fracturing processes 

by replicating the grain-like structure of rocks. Achieving this goal requires incorporating 

various types of grain-scale heterogeneities into a numerical model. These 

heterogeneities encompass grain geometric heterogeneity (i.e., explicit simulation of 

grains and grain boundaries) as well as grain property heterogeneity (i.e., assigning 

different properties to different grains and/or grain boundaries). However, previous 

studies have selectively considered certain sources of heterogeneity while neglecting 

others in order to streamline the simulation process (e.g., Fang and Harrison 2002; Valley 

et al. 2010; Kazerani and Zhao, 2010; Bewick et al., 2012; Bahrani et al., 2014; Bewick et 

al., 2014; Manouchehrian and Cai, 2016; Li and Bahrani, 2021; Sanipour et al., 2022; 

Hamediazad and Bahrani 2022). While in some studies both geometric and property 

heterogeneities have been considered in the GBM (e.g., Lan et al., 2010; Hofmann et al., 

2015a & b; Peng et al., 2017; Peng et al., 2018; Abdelaziz et al., 2018; Sinha and Walton, 

2020), they were limited to a single grain structure, thus overlooking the inherent 

variability and scatter observed in laboratory test data. Simulating laboratory tests on 

numerical specimens having different sets of grain structure (known as realizations), 

allows for a more comprehensive understanding of the potential range of rock properties 

and behavior.  

By accounting for inherent rock heterogeneity, which leads to variability in rock 

properties, it is possible to assess the likelihood of different outcomes and account for 

uncertainties in the design. However, the influence of grain-scale heterogeneities on 

macro-behavior and macro-property variabilities is still a subject of debate. Additionally, 

although similar studies have been conducted using discontinuum modeling approaches 

(Inga, 2023), this is the first attempt to consider both types of heterogeneity in a 

continuum model (note that due to the presence of joint elements, these continuum 

models are in fact pseudo-discontinuum models). While previous research has 
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incorporated both property and geometric sources of heterogeneity using hybrid 

continuum-discontinuum (e.g., Abdelaziz et al., 2018) or discontinuum (e.g., Peng et al., 

2017) numerical methods, this research is the first attempt to consider both types of 

heterogeneity in a continuum-based model. 

To fill the research gap, a novel approach was adopted that accounts for both property 

heterogeneity, involving various minerals, and geometric heterogeneity, represented by 

Voronoi blocks, within a continuum-based numerical model. An important advantage of 

continuum methods (e.g., FEM) is their shorter computational time compared to the 

hybrid continuum-discontinuum and the discontinuum methods. This becomes even 

more important when considering a large number of test simulations aimed at 

investigating the influence of grain-scale heterogeneity on the variability of macro-

properties, as was one of the objectives of this research. For this purpose, RS2, which is a 

commercial numerical program based on the Finite Element Method (FEM), is employed 

to generate a homogeneous (consists of one mineral type) VTM and a heterogeneous 

(consisting of four mineral types with different elastic moduli) VTM. The VTMs are 

calibrated to match the mean laboratory properties of undamaged Lac du Bonnet (LdB) 

granite. To assess the impact of different realizations of grain structure, ten unique, 

randomly generated, grain structures of the homogeneous RS2-VTM and the 

heterogeneous RS2-VTM were generated, and their strength variabilities are investigated 

and compared to laboratory test data. Furthermore, both calibrated homogeneous and 

heterogeneous VTMs are subjected to an unloading stress path, emulating core drilling 

conditions, and the effect of grain stiffness heterogeneity on unloading-induced brittle 

damage and subsequent changes to the strength and deformation properties of 

undamaged rocks was explored.  
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2.3 Heterogeneous models for brittle rocks 

Various numerical models have been developed to simulate grain-scale heterogeneities. 

Figure 2-1 summarizes different types of heterogeneous models developed using 

continuum (e.g., RS2, Abaqus, FLAC), discontinuum (e.g., UDEC, 3DEC, PFC), and hybrid 

continuum-discontinuum (e.g., Irazu) numerical programs. According to Lan et al. (2010), 

grain-scale heterogeneities can be classified into two main types: a) grain geometric 

heterogeneity, which emerges from variations in grain shapes, sizes, as well as grain 

boundary lengths and orientations; and b) grain property heterogeneity, which arises 

from different grain and grain boundary deformation and strength properties. However, 

as can be seen in Figure 2-1, the models generated in most of these studies have 

overlooked certain sources of heterogeneities. In this section, some of the heterogeneous 

models of brittle rocks generated using continuum and discontinuum numerical programs 

are reviewed. 
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Figure 2-1 Different types of heterogeneous models generated using continuum, discontinuum 

and hybrid continuum-discontinuum numerical programs. 

Fang and Harrison (2002) considered property heterogeneity to simulate brittle failure by 

assigning different deformation and strength properties to different mesh elements, 

called zones, utilizing the Weibull distribution function in the continuum-based numerical 

program FLAC. They employed a local (i.e., elemental) degradation model to simulate the 

failure process observed in unconfined and confined compression tests. In their 

degradation model, when a zone fails, both its strength and stiffness are degraded. This 

degradation process was based on the Hoek-Brown failure criterion with an elastic-brittle 

constitutive behavior at the element level. By implementing this model, Fang and 

Harrison (2002) successfully captured the anticipated transition in the failure mode as a 

function of confinement. However, in their UCS test simulations, the observed failure 

mode deviated from pure axial splitting and involved a combination of axial splitting and 
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shearing. It is worth noting that similar to the study by Valley et al. (2010), Fang and 

Harrison (2002) did not explicitly simulate grains and grain boundaries in their 

heterogeneous models. 

Valley et al (2010) assigned different elastic moduli to different mesh elements in Phase2 

(an earlier version of the continuum-based numerical program RS2), to include stiffness 

heterogeneity in the model of rocks, without explicitly simulating grains and grain 

boundaries. Their findings indicated that stiffness heterogeneity alone could generate 

tensile stresses even when a specimen is under an overall compressive stress field (e.g., 

UCS test). They found that the generation of tensile stresses causes the initiation of tensile 

damage at approximately 30% of the peak strength during the UCS test, around an 

underground opening during an excavation, and inside the core during drilling. They 

further increased the level of property heterogeneity, by increasing variability in the 

¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ƳŜǎƘ ŜƭŜƳŜƴǘǎΦ ¢ƘŜƛǊ ŦƛƴŘƛƴƎǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ ǘƘŜ ¦/{ ŘŜŎǊŜŀǎŜǎ 

as the level of heterogeneity (i.e., variability in mesh element E) increases. Despite being 

intriguing, the work by Valley et al. (2010) led to macro shear failure mode in the UCS test 

simulations, although most mesh elements failed in tension. 

Manouchehrian and Cai (2016) generated homogeneous and heterogeneous models of 

marble in Abaqus, which is a numerical program based on the FEM, investigating the 

effect of property heterogeneity on the strength and failure mode of brittle rocks. They 

assigned random mechanical properties (i.e., E, cohesion, and friction angle) to the mesh 

elements in the heterogeneous models following a normal distribution. As opposed to 

the heterogeneous model, all elements in the homogeneous model were given properties 

that were equivalent to the average values of those in the heterogeneous model. This 

resulted in lower strength in the heterogeneous model compared to the homogeneous 

ƳƻŘŜƭΦ aƻǊŜƻǾŜǊΣ ǘƘŜȅ ŦƻǳƴŘ ǘƘŀǘ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛƴ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŎƻƴǘǊƻƭǎ ǇǊŜ-peak 
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behavior, while heterogeneity in cohesion and friction angle controls the peak and post-

peak behaviors during the UCS test simulations.  

In the studies conducted by Fang and Harrison (2002), Valley et al (2010), and 

Manouchehrian and Cai (2016), only property heterogeneity (i.e., variations in 

deformation and/or strength properties) were considered, and no grain-scale geometric 

heterogeneities were included. Geometric heterogeneity is another important source of 

grain-scale heterogeneity in order to capture the progressive micro-cracking leading to 

macro failure more realistically. When geometric heterogeneities are considered in the 

simulations, grain boundaries are often considered weaker and softer than the grains. It 

is anticipated that models lacking grain boundaries tend to overestimate the c̀i as well as 

the tensile strength obtained from Direct Tensile (DT) tests. 

Numerous studies have utilized the Voronoi tessellation techniques to generate 

polygonal grain-like structures for simulating grain-scale geometric heterogeneities. 

Voronoi tessellations have been implemented in the continuum (e.g., RS2), discontinuum 

(e.g., UDEC and 3DEC) and hybrid continuum-discontinuum numerical programs to 

represent grain-like structures of intact crystalline rocks. In the GBMs, the grains can be 

simulated as rigid (no micro-properties required for grains; e.g., Kazerani and Zhao, 2010), 

elastic (Young's modulus and Poisson's ratio required for grains: e.g., Lan et al., 2010; 

Sinha and Walton, 2020), inelastic (strength parameters such as cohesion, friction angle, 

and tensile strength required in addition to elastic properties: e.g., Wang and Cai, 2018; 

Sinha and Walton, 2020), and breakable (each grain subdivided into several sub-grains: 

e.g., Wang and Cai, 2018).  

Lan et al. (2010) used the Voronoi tessellation technique in the discontinuum-based 

program UDEC, to examine the impact of both grain-scale geometric and property 

heterogeneities on the failure process of brittle rocks. The property heterogeneity in their 
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models arises from four different types of mineral grains, which were assumed to be 

elastic, and ten different types of breakable grain boundaries. While grain boundaries 

were assigned the same strength properties, their stiffness properties differed from each 

other. Comparing an irregular Voronoi structure with a regular Voronoi structure, they 

concluded that geometric heterogeneity (i.e., grain shape and grain boundary 

arrangement) has the highest impact on the development of localized tensile stresses 

compared to property heterogeneity (i.e., grain stiffness). 

Bewick et al. (2012) argued that the conclusions made by Lan et al. (2010) are biased 

because the regular (honeycomb) Voronoi structure used by them is anisotropic and has 

a low potential to generate tensile conditions along the grain boundaries. Bewick et al. 

(2012) used the continuum-based program Phase2 to examine the effect of grain shape 

irregularity and grain boundary orientation on the formation of tensile stresses during 

compressive loading of rock specimens. They investigated four distinct Voronoi 

tessellations namely regular (or honeycomb), slightly irregular, moderately irregular, and 

irregular Voronoi tessellations. According to their findings, the orientation of grain 

boundaries and grain system arrangement are two major factors that affect the 

generation of internal tensile stresses within a rock specimen. In contrast to the other 

three configurations, the regular (honeycomb) Voronoi tessellation produced a distinctive 

tensile stress distribution, while other irregular Voronoi tessellations behaved similarly in 

terms of tensile stress distribution regardless of their level of irregularities. 

Liu et al. (2018) generated GBMs in PFC, a discontinuum-based program, to investigate 

ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ŎŀǳǎŜŘ ōȅ ƎǊŀƛƴ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻƴ ˋciΣ ˋcd, and UCS during an 

unconfined compressive test. They introduced a heterogeneity index to quantify micro-

geometric heterogeneity induced by different grain sizes. They simulated LdB granite with 

four different types of mineral grains. Their results showed that the higher the 

ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛƴŘŜȄΣ ǘƘŜ ƭƻǿŜǊ ǘƘŜ ˋciΣ ˋcd, and UCS. A higher heterogeneity index also 
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resulted in a lower DT strength, although the decrease in tensile strength due to 

ƘŜǘŜǊƻƎŜƴŜƛǘȅ ǿŀǎ ƭŜǎǎ ǎƛƎƴƛŦƛŎŀƴǘ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ŘŜŎǊŜŀǎŜ ƛƴ ˋciΣ ˋcd, and UCS.  

Wang and Cai (2018) developed a GBM with breakable grains by incorporating both intra- 

and inter-grain contacts in the discontinuum-based program 3DEC to simulate UCS and 

DT tests on LdB granite. They concluded that since inter-grain contacts are weaker 

compared to intra-grain contacts, inter-grain contact tensile failure in the pre-peak stage 

ƻŦ ǘƘŜ ¦/{ ǘŜǎǘ ŎƻƴǘǊƻƭǎ ˋciΣ ˋcd, UCS, and DT strength, whereas intra-grain contacts 

participate in the post-peak stage of the failure process. However, although appealing, 

considering intra-grain contacts adds another level of complexity to the calibration 

process and increases the computation time. 

Sinha and Walton (2020) assessed the capabilities of four different GBMs in reproducing 

the mechanical behavior of Creighton granite: (1) deformable grains with only one 

mineral grain type and one grain boundary type, (2) inelastic (plastic) grains with only one 

mineral grain type and one grain boundary type, (3) deformable grains with three mineral 

grain types and six grain boundary types, and (4) inelastic grains with three mineral grain 

types and only one grain boundary type. Their findings suggest that inelastic grains are 

crucial to capture high confined peak strengths. Additionally, the heterogeneity in grain 

type has more effect on rock behavior compared to the heterogeneity in the grain 

boundary type, and therefore, the latter can be ignored. Omitting the grain type 

ƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛƴ ǘƘŜƛǊ ƳƻŘŜƭǎ ǊŜǎǳƭǘŜŘ ƛƴ ŀƴ ƻǾŜǊŜǎǘƛƳŀǘƛƻƴ ƻŦ ˋci ŀƴŘ ˋcd. They concluded 

that a GBM with inelastic grains considering grain type heterogeneity is sufficient to 

capture all the brittle rock attributes. It is worth noting that the grains in the work by 

Sinha and Walton (2020) were continuum and allowed to yield but not break (i.e., intra-

grain contacts were not considered). Sinha and Walton (2021) discussed that in a UCS 

test, pre-peak damage initiates along grain boundaries, but intragranular fracturing 

becomes important at higher loads, especially under confined conditions. They compared 
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different approaches to simulate grain damage in GBMs: 1) an elastic BBM (no grain 

damage), 2) an inelastic (plastic grains) BBM, and 3) an elastic BBM with explicit fractures 

within each block. Their findings showed that while both inelastic and explicitly fractured 

blocks improve strength predictions under various confinements, inelastic blocks more 

accurately capture peak dilation angles and post-peak behavior. Using a GBM calibrated 

to the properties of Blanco Mera granite in UDEC, West and Walton (2023) conducted a 

parametric investigation to better understand the impact of micro-property 

heterogeneity on the macro-behavior of a rock specimen under an unconfined and 

confined conditions. Their models consisted of four different elastic mineral grain types 

and ten different inelastic grain boundaries. Initially, they assigned deterministic input 

micro-properties to all the grains and grain boundaries. Subsequently, they performed 

various simulations in which each individual micro-property was considered probabilistic, 

while the remaining input properties were kept deterministic. For instance, to investigate 

ǘƘŜ ŜŦŦŜŎǘ ƻŦ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ όƛΦŜΦΣ 9ύΣ ŘƛŦŦŜǊŜƴǘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭƛ ǿŜǊŜ ŀǎǎƛƎƴŜŘ ǘƻ ǘƘŜ ƎǊŀƛƴǎ 

while keeping other input micro-properties constant. The level of heterogeneity was 

increased by expanding the range of input micro-properties. Their findings demonstrated 

ǘƘŀǘ ˋcd and peak strengths decreased as the heterogeneity level in grain boundary 

cohesion increased (i.e., greater range for cohesion). FurtƘŜǊƳƻǊŜΣ ˋci was not 

significantly impacted by increasing the heterogeneity in any single micro-property alone. 

IƻǿŜǾŜǊΣ ˋci under both unconfined and confined conditions were reduced as the 

heterogeneity in all input micro-properties was increased simultaneously.  

As mentioned earlier, numerical investigations using the GBM approach summarized 

above, were limited to a single realization for grain structure, overlooking the inherent 

variability and scatter observed in laboratory test data. Repeating laboratory test 

simulations for different sets of grain structure allows for a more comprehensive 

understanding of the potential range of rock property and behavior. To take variability in 
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rock properties into consideration, Li and Bahrani (2021) developed a GBM using the 

continuum numerical program RS2 to replicate the laboratory behavior of intact and heat-

treated (granulated) Wombeyan marble. They repeated laboratory test simulations on 

five models with different Voronoi joint network realizations. The results of different 

realizations showed variability in the macro-properties. Their models, however, included 

only one mineral grain type, ignoring grain property heterogeneity, which resulted in a 

small range in the peak strength. For instance, in their UCS test simulation, five different 

realizations resulted in the minimum, mean, and maximum values of 70.4 MPa, 74.5 MPa, 

and 77.7 MPa, respectively. This resulted in an insignificant range of 7.5 MPa, which may 

seem small compared to typical variability observed in the laboratory UCS test data. For 

example, for LdB granite, the laboratory UCS tests produced the minimum, mean, and 

maximum values of 155 MPa, 201 MPa, and 245 MPa, resulting in a wide range of 90 MPa. 

Fang and Harrison (2002), Valley et al. (2010), and Manouchehrian and Cai (2016) showed 

that higher levels of heterogeneity in rock results in a higher variability in macro 

properties of rocks.  

The studies reviewed above have either ignored one source of heterogeneity or they have 

not accounted for the inherent variability resulting from different core samples. 

Additionally, no GBM has been developed using a continuum-based heterogeneous 

model that accounts for both property and geometric heterogeneities. To fill the research 

gap, this paper focuses on investigating the impact of both grain-scale geometric and 

property (stiffness) heterogeneities on macro-property variability by comparing the 

results of homogeneous (consisting of one mineral grain type) and heterogeneous 

(consisting of four mineral grain types) RS2-VTMs calibrated against the laboratory 

properties of LdB granite. It is worth noting that grain-scale property heterogeneity stems 

from various strength and deformation properties of the grains and grain boundaries. 

Although an ideal model would incorporate all sources of property heterogeneity, this 
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study focuses on grain stiffness heterogeneity to analyze its impact on material response 

under both loading and unloading conditions. 

Furthermore, the micro-properties of both calibrated VTMs are employed in ten distinct 

realizations of grain structure to examine the impact of grain stiffness heterogeneity on 

the variation of macro-strength properties. Subsequently, an unloading (core drilling) 

stress path is applied to both calibrated homogeneous and heterogeneous VTMs to 

explore the effect of grain stiffness heterogeneity on unloading-induced brittle damage 

and subsequent changes to the strength and deformation properties of intact rocks. The 

findings will provide valuable insights for improved understanding and prediction of the 

behavior of hard brittle rocks drilled from high-stress environments, aiding in the 

assessment of more reliable design parameters for deep underground excavations. 

2.4 Homogeneous and Heterogenous Voronoi Tessellated Models 

(VTM) for Lac du Bonnet (LdB) Granite 

In this section, the generation and calibration of homogeneous and heterogeneous RS2-

VTMs are discussed. For this purpose, first, the laboratory properties of undamaged and 

damaged LdB granite, including their strength and deformation properties used for model 

calibration are presented. Next, the calibration procedure is described, and the numerical 

simulation results are analyzed. 

2.4.1 Laboratory Properties of LdB granite 

The URL, located in Manitoba, Canada, was constructed within LdB granite (Martine et 

al., 1997). Martin and Stimpson (1994) conducted a comprehensive study on the 

laboratory properties of LdB granite, examining samples obtained from various depths 

(0 ς 1000 m). They argued that sample disturbance affected the laboratory properties of 
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LdB granite at depths in which the maximum far-field stress exceeded 10% of the UCS of 

undamaged specimens (i.e., core samples obtained from shallow depths). 

Martin and Stimpson (1994) discussed that the process of drilling cores from a stressed 

medium at the 420 level of the URL resulted in damage to the cores. This damage 

noticeably affected the mechanical properties of rock specimens determined in the 

laboratory, as indicated in Table 1. Moreover, it was noted that such damage could 

potentially impact the accuracy of stress measurement results (Martin and Christiansson 

1991). At the URL, two types of sample disturbance due to drilling, known as core disking 

and core damage (i.e., micro-cracking) were identified. The observed sample disturbance 

was attributed to the complex 3D stress path experienced by the core during the drilling 

process (Lan et al., 2010; Bahrani et al., 2015; Bahrani et al., 2019). 

Table 2-1 Summary of laboratory properties of undamaged and damaged LdB granite (Martin, 
1993; Martin and Christiansson, 2009; Martin and Stimpson, 1994). 

LdB Granite 
E 

(GPa) 
UCS 

(MPa) 
t̀ (MPa) 

BT  DT 

Undamaged 
(130 Level) 

69 ± 5.8 200 ± 22 9.3 ± 1.3 6.9 ± 1.1 

Damaged 
(420 Level) 

51.9 ± 1.6 157.1 ± 17.7 - 1.5 
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Figure 2-2 a) Peak strength of undamaged LdB granite from laboratory triaxial tests along with 

the Hoek-Brown failure envelope fitted to the test data; and b) stress-strain curves of LdB 
granite (Martin, 1997). 

In this study, the properties of undamaged LdB granite (listed in Table 1), the confined 

peak strengths up to 60 MPa confinement (Figure 2-2a), and the stress-strain curves 

including the post-peak response of LdB granite (Figure 2-2b) are used to calibrate the 

homogeneous and heterogeneous RS2-VTMs. Following calibration, models are used to 

assess the impact of grain-scale heterogeneity on macro strength variability. Next, a core 

drilling stress path obtained from 3D elastic continuum simulations is applied to the 

calibrated models and the capability of each model for capturing brittle damage and 

subsequent reduction in strength and deformation properties, as presented in Table 1, is 

investigated.  

2.4.2 VTM for LdB granite 

In this study, the built-in joint network option in RS2 was used to generate a VTM. To 

create a Voronoi structure, RS2 employs the Poisson point process for the random 

generation of seeds (or generators). Subsequently, equidistant lines are drawn between 

pairs of adjacent seeds, and these lines collectively delineate the Voronoi cell associated 

with each seed. In an RS2-VTM, grains are represented as Voronoi blocks consisting of 
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several triangular mesh elements (Figure 2-3a). Block boundaries (i.e., contacts between 

grains) are simulated as open-ended joint elements. As illustrated in Figure 2-3b, a joint 

element in RS2 is a four-nodded quadrilateral element with a negligible thickness (Riahi 

et al., 2010). Prior to any deformation, two sides of the joint element have the same 

length, and adjacent nodes share the same position (e.g., node 1 and node 4 in Figure 

2-3b). Upon displacement of the blocks, the nodes can move normally and tangentially 

from each other, provided that these mechanisms do not change the contacting node 

couples (Figure 2-3c). Consequently, RS2 can simulate large deformations and rotations; 

however, it cannot capture joint element breakage and block detachment (Riahi et al. 

2010).  

In RS2-VTMs, micro-properties are assigned to both blocks (mesh elements) and block 

boundaries (joint elements) and are adjusted through an iterative process known as 

ƳƻŘŜƭ ΨŎŀƭƛōǊŀǘƛƻƴΩ ǳƴǘƛƭ ǘƘŜ ƪƴƻǿƴ ƳŀŎǊƻ-properties (i.e., strength and deformation 

properties) and macro-behavior (i.e., failure mode and post-peak response) of rock 

specimens from laboratory tests are replicated. When properly calibrated to match the 

known macro-properties and macro-behavior, the RS2-VTM has demonstrated its 

capability to simulate the failure process of hard brittle rocks at both laboratory and field 

scales. This is supported by the successful simulation of laboratory unconfined and 

confined compression tests on Wombeyan marble by Li and Bahrani (2021), as well as the 

simulation of drilling-induced core damage by Amiri and Bahrani (2023). Furthermore, 

calibrated RS2-VTMs have been effectively employed to simulate hard rock pillar failure 

by Hamediazad and Bahrani (2022) and the formation of v-shaped notch around the URL 

test tunnel by Sanipour et al. (2022). A review of these simulations using RS2-VTM have 

been presented by Bahrani et al. (2023). 
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Figure 2-3 a) An RS2-VTM consisting of Voronoi blocks and joint elements (Amiri and Bahrani, 
2023); b) an RS2 joint element before deformation (Li and Bahrani, 2021); and c) an RS2 joint 

element after deformation (Li and Bahrani, 2021).  

In an RS2-VTM, Voronoi blocks consisting of mesh elements and block boundaries 

simulated as joint elements are assigned two sets of properties: 

¶ Deformation properties:  

o .ƭƻŎƪǎΥ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ  

o Block boundaries: Normal stiffness (kn) and shear stiffness (ks) 

¶ Strength properties:  

o Blocks: Peak and residual cohesion, peak and residual friction angle, peak and 

residual tensile strength 

o Block boundaries: Peak and residual cohesion, peak and residual friction angle, 

peak and residual tensile strength 

Joint element

Triangular element

a)

b)

c)
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Note that Sanipour et al. (2022) and Amiri and Bahrani (2023) also calibrated their RS2-

VTMs to the laboratory properties of undamaged LdB granite. The model calibration 

presented in this study differs from those of Sanipour et al. (2022) in the following:    

¶ RS2-VTMs for laboratory test simulations have the same size as standard laboratory 

specimens (i.e., 6 cm by 12 cm). In contrast, the model size utilized by Sanipour et al. 

(2022) was 60 cm by 120 cm. 

¶ Specimens were calibrated to the peak strength for the full range of confinement (0-

60 MPa), whereas Sanipour et al. (2022) simulated the confined compression tests up 

to 25 MPa confinement. 

¶ The post-peak behavior in the confined compression tests as well as the direct to 

Brazilian tensile strength ratio (i.e., 0.75) of LdB granite were considered as a 

calibration target. 

In addition, the simulation in this study differs from those of both Sanipour et al. (2022) 

and Amiri and Bahrani (2023) in the following:    

¶ The average grain size of the RS2-VTMs in this study is consistent with the average 

grain size of LdB granite (i.e., 2.5 mm). To match the average grain size of LdB granite, 

a joint element length of 1.4 mm was utilized, which led to 26 grains across the width 

of the numerical specimen. In contrast, the studies conducted by Sanipour et al. 

(2022) and Amiri and Bahrani (2023) employed joint lengths of 26 mm and 2.5 mm, 

respectively. While these joint lengths resulted in more than 10 grains across the 

width as recommended by the ISRM (1979), they produced grains larger than the 

average grain size of LdB granite. 

¶ In this study, the simulations incorporate heterogeneity in mineral grain types, 

whereas both Sanipour et al. (2022) and Amiri and Bahrani (2023) solely focused on a 

single mineral grain type in their simulations (i.e., homogenous VTM). 



60 

 

 

The calibration process in this research involves the simulation of unconfined 

compression, confined compression, direct tensile (DT) and Brazilian tensile (BT) tests. 

Figure 2-4 shows the boundary conditions used to simulate these tests. In the simulations 

of UCS, DT, and BT tests, the lower boundary of the model was fixed in the y-direction 

except for the mid-point, which was fixed in both the x- and y-directions. The 

displacement was then applied to the top model boundary in successive stages, at a rate 

of 0.0001 m per stage, until the numerical specimen failed. In the confined compression 

test simulations, the first stage involved imposing confinement to the sides and top 

boundary of the model using the constant stress boundary. In the subsequent stages, the 

stress boundary on the top of the model was removed, and vertical displacement was 

applied. The stresses at each stage were calculated by averaging the major principal 

stresses at all node locations within the RS2-VTM. For the strain calculation, the applied 

displacement was divided by the length of the specimen. It is important to note that in 

the simulation of the DT test, the average of minor principal stresses at all node locations 

was used to calculate the tensile stress. However, in the Brazilian test simulations, the 

following equation was used to determine the tensile stress (ISRM, 1978). 

„
ςὊ

“Ὀὸ
 Equation 1 

In the above equation, D, t, and F are the specimen diameter (m), the thickness, and the 

sum of reaction forces (N), respectively. A thickness of 1 m was assumed to calculate the 

tensile stresses using the above equation. 
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Figure 2-4 Boundary conditions in RS2-VTM used to simulate laboratory tests: a) unconfined 

compression; b) confined compression; c) direct tensile; and d) Brazilian tensile tests. 

LdB granite consists of multiple mineral grain types, as listed in Table 2. It is commonly 

assumed in GBMs that rocks are composed of a single mineral grain type. However, to 

explore the impact of this assumption on simulation results and the resulting variability 

in the macro-properties of the models, two types of RS2-VTMs were generated: a) 

homogeneous VTMs, where the specimen consists of a single mineral grain type, and b) 

heterogeneous VTMs, where four different mineral grain types were considered in the 

simulations.  
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Table 2-2 Different mineral grain types in LdB granite, their respective properties, abundance 
and their average properties (Lan et al., 2010; Wang and Cai, 2018). 

aƛƴŜǊŀƭ ǘȅǇŜ ˊ  
όƪƎκƳоύ 

9 
όDtŀύ 

 ˎ !ōǳƴŘŀƴŎŜ 
ό҈ύ 

CŜƭŘǎǇŀǊ нрсл сфΦу лΦну пл 

vǳŀǊǘȊ нсрл фпΦр лΦлу ол 

tƭŀƎƛƻŎƭŀǎŜ нсол ууΦм лΦнс нл 

aŀŬŎ олрл ооΦу лΦос мл 

²ŜƛƎƘǘŜŘ 
ŀǾŜǊŀƎŜ 

нсрл ту лΦнн π 

 

It is important to highlight that in both homogeneous and heterogeneous VTMs, the grain 

structure and the type, number and geometry of the mesh elements are identical. 

Therefore, the only difference between the two models lies in the number of mineral 

grain types simulated. In the subsequent sections, the calibration procedure and the 

results of unconfined and confined compression as well as the direct and indirect tensile 

test simulations for both homogeneous and heterogeneous VTMs are presented. 

2.4.3 Calibration of Homogeneous VTM 

As discussed in the previous section, an RS2-VTM requires sixteen input parameters 

(called micro-properties). Therefore, the number of unknown micro-properties exceeds 

the number of known macro properties presented in Table 2-1. In order to streamline the 

calibration process, some assumptions were made. The first assumption is that the ratio 

of kn (normal stiffness) to ks (shear stiffness) is set to 2.5, consistent with previous studies 

(e.g., Sanipour et al., 2022). Additionally, it was assumed that the residual tensile strength 

and cohesion of both blocks and block boundaries is 0.1 MPa. This particular assumption, 

as demonstrated by Amiri and Bahrani (2023), is essential for capturing the brittle post-
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peak behavior of LdB granite (i.e., rapid stress drop following the peak stress) even at high 

confining pressures (e.g., 60 MPa), as shown in Figure 2-2b. Moreover, it is assumed that 

the elastic properties of the blocks (i.e., grains) in the homogeneous RS2-VTM are equal 

to the weighted average of the four main mineral grain types in LdB granite, as presented 

in Table 2 (i.e., E = 78 GPa and ‡ = 0.22). 

The flowchart in Figure 2-5 shows the calibration procedure adopted in this research. The 

calibration process initiated with the simulation of a UCS test, where the values of kn (or 

ksύ ǿŜǊŜ ŀŘƧǳǎǘŜŘ ǘƻ ŀŎƘƛŜǾŜ ŀ ƳŀǘŎƘ ǿƛǘƘ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ό9ύ ƻŦ [Ř. ƎǊŀƴƛǘŜΦ 

Subsequently, the DT test was simulated, and the tensile strength of the block boundaries 

was adjusted to match the DT strength of LdB granite. Utilizing the adjusted kn, ks, and 

block boundary tensile strength, the BT strength of LdB granite was matched by adjusting 

the tensile strength of the blocks. Next, the UCS and low-confined compression tests (up 

to 10 MPa) were simulated, employing the adjusted micro-properties to refine the block 

boundary cohesion and friction angle. Following this step of model calibration, confined 

compression tests (up to 60 MPa confinement) were simulated to match the confined 

strengths by adjusting the block cohesion and friction angle. Once the final step was 

completed, all the tensile and compression tests were simulated again to ensure a 

comprehensive alignment with all known macro-properties and macro-behavior. When 

necessary, this iterative process was repeated to fine-tune the micro-properties. 
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Figure 2-5 General calibration procedure for homogeneous and heterogeneous RS2-VTMs. 

Table 3 lists the micro-properties and Figure 2-6 presents the peak strengths of the 

calibrated homogeneous VTM. In Figure 2-6a, the average peak strengths of the 

calibrated homogeneous VTM at different confining pressures are compared with those 

of laboratory tests conducted on LdB granite, which demonstrates a strong agreement 

between the results of laboratory tests and numerical simulations. Figure 2-6b also 

displays a reasonable agreement between the peak strengths derived from ten 

homogeneous VTMs with different joint network realizations and the Hoek-Brown 

strength envelope fitted to the laboratory triaxial test data for undamaged LdB granite. 
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Table 2-3 Micro-properties of the calibrated homogeneous RS2-VTM. 

Micro-properties Block Block boundary 

Peak strength 

Cohesion (MPa) 95 55 

Friction angle (°) 63 55 

Tensile strength (MPa) 20 9.8 

Residual strength 

Cohesion (MPa) 0.1 0.1 

Friction angle (°) 59 55 

Tensile strength (MPa) 0.1 0.1 

Deformation 
properties  

¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ όDtŀύ 78 - 

tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ 0.22 - 

Normal stiffness (GPa/m) - 200,000 

Shear stiffness (GPa/m) - 80,000 

 

 
Figure 2-6 Comparison between: a) average peak strengths obtained from ten homogeneous 
RS2-VTM realizations, LdB granite triaxial test data, average LdB granite peak strength, and 

the Hoek-Brown failure envelope fitted to the LdB granite triaxial test data (Martin 1997); and 
b) peak strengths obtained from ten homogeneous RS2-VTMs and LdB granite triaxial test 

data. Note: error bars indicate the minimum and maximum peak strengths of the calibrated 
homogeneous RS2-VTM obtained from ten joint network realizations. 

Figure 2-7 presents the stress-strain curves and failure modes of unconfined and confined 

compression tests simulated on the homogeneous RS2-VTM. The comparison between 
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the results of laboratory tests (Figure 2-2b) and numerical simulations (Figure 2-7a) 

reveals that the post-peak response of the calibrated homogenous VTM is brittle, even at 

ƘƛƎƘ ŎƻƴŦƛƴƛƴƎ ǇǊŜǎǎǳǊŜǎ όŜΦƎΦΣ ˋ3 = 60 MPa), which is consistent with that of LdB granite 

(Figure 2-2b). Note that the brittle response with a sudden stress drop following the peak 

stress was captured by assuming a block residual cohesion of 0.1 MPa.  
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Figure 2-7 Results of unconfined and confined compression tests simulated on homogeneous 
RS2-VTM: a) stress-strain curves; b) yielded joint elements; and c) yielded mesh elements in 

the post-peak loading stage.  

Figure 2-7b and Figure 2-7c illustrate the yielded joint elements (inter-grain failure) and 

yielded mesh elements (intra-grain failure) at the post-peak loading stage, respectively. 

Prior to reaching the peak stress, the yielded joint elements (represented by red lines in 

Figure 2-7b) are subparallel to the long axis of the numerical specimen. However, 

immediately following the peak stress, the yielded joint elements coalesce, leading to the 
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formation of through-going yielded zones representing macro-fractures. The simulated 

macro-fractures are subparallel to the long axis of the specimens at low confinements. 

The failure mode transitions to shear bands as the confinement increases. At medium 

levels of confinement (i.e., 10 ς 30 MPa), two inclined shear bands can be observed, 

whereas increasing the confinement resulted in the formation of a single shear band. At 

zero and low confining pressures (0-10 MPa), the yielded joint and mesh elements are 

scattered throughout the specimen. However, as the confinement increases, both the 

yielded joint and mesh elements become localized, ultimately leading to the formation of 

one or two shear bands. Furthermore, with increasing confinement, the number of joint 

and mesh elements yielded in tension decreases. Conversely, the number of mesh 

elements yielded in shear increases as the confinement increases. Additionally, the 

overall failure mode of RS2-VTM at low confining pressures is axial splitting, transitioning 

to a shear failure at high confinement, which is consistent with the results of laboratory 

tests on granite reported by Basu et al. (2013) and Ghazvinian (2010). 

Figure 2-8a and Figure 2-8b depict the stress-strain curves and failure modes of the 

calibrated homogeneous RS2-VTM from the simulations of BT and DT tests. It is evident 

that in both tests, the stress-strain curves exhibit a noticeable and rapid reduction in 

stress following the peak strength. Figure 2-8c and Figure 2-8d display the yielded joint 

elements (figure on the left) and yielded mesh elements (figure on the right) following 

the peak stress in the BT and DT tests, respectively. In the BT test, the yielding of joint 

elements (representing grain boundary failure) initiates from the center of the disk at 

approximately 33% of the peak stress. The yielding propagates towards the upper and 

lower boundaries of the disk as the load increases. Additionally, yielded mesh elements 

(representing grain failure) initiate near the center of the Brazilian disk at the peak stress. 

The yielding propagates towards the upper and lower boundaries of the Brazilian disk 

following the peak stress. The initiation of the failure from the center of the Brazilian disk 
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aligns with the anticipated failure mode of the BT test observed in the laboratory (Perras 

and Diederichs, 2014), thereby validating the simulation results. In the case of the DT test 

simulation, the yielding of the joint elements initiates at approximately 80% of the peak 

stress. Some mesh elements yielded in tension are observed near the yielded joint 

elements only in the post-peak loading stage.  

 
Figure 2-8 Results of Brazilian and direct tensile tests simulated on homogeneous RS2-VTM: 

stress-strain curve in: a) Brazilian; and b) direct tensile tests. Yielded joint elements (left) and 
yielded mesh elements (right) in: c) Brazilian; and d) direct tensile tests. 

In the DT test simulation, the primary factor leading to failure is grain boundary yielding, 

as depicted in Figure 2-8d. However, in the BT test simulation, both grain and grain 

boundary yielding contribute to the failure. It is worth noting that grains possess a higher 

tensile strength compared to the grain boundaries, which could explain why the BT 
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